Macrophage migration inhibitory factor (MIF), a proinflammatory cytokine, is implicated in many aspects of tumor progression, including cell proliferation, invasion, and angiogenesis. We asked if MIF expression predicts survival and if it is associated with angiogenesis and cell invasion in osteosarcoma. We performed immunohistochemistry for MIF expression in prechemotherapy biopsy specimens of 58 patients with osteosarcoma. To investigate the role of MIF in angiogenesis, microvessel density was measured and compared with MIF expression. We also treated osteosarcoma cell lines (U2-OS and MG63) with MIF and measured vascular endothelial growth factor, a potent proangiogenic factor, by enzyme-linked immunosorbent assay. To study the role of MIF in cell invasion, Boyden chamber assay was performed after knockdown of MIF by short interfering RNA. MIF independently predicted overall survival and metastasis-free survival. MIF expression correlated with microvessel density and induced a dose-dependent increase in vascular endothelial growth factor. Knockdown of MIF by short interfering RNA resulted in decreased cell invasion. These results suggest MIF could serve as a prognostic marker and a potential therapeutic target for osteosarcoma.
Introduction
Osteosarcoma is the most common malignant tumor of bone characterized by its high metastatic potential. Approximately 80% of patients with osteosarcoma have clinically detectable or micrometastatic disease at the time of diagnosis [15, 27] . Despite the increase in survival rates with advances in combination chemotherapy and surgery, patients presenting with metastatic osteosarcoma still have a poor prognosis with a 5-year survival rate of less than 30% [5, 8] . Understanding the molecular events that drive the osteosarcoma progression and metastatic process would facilitate the development of better treatment and identification of molecular prognostic factors in osteosarcoma [5, 15] .
Macrophage migration inhibitory factor (MIF) is an proinflammatory cytokine that plays an important role in the immune system [19] . MIF has recently been implicated in carcinogenesis of various types of tumors [6, 18, 22, 28] . MIF contributes to many aspects of tumor progression, including cell proliferation, survival, invasion of normal tissue, and tumor-associated angiogenesis [6, 18, 21, 23, 28] . In hepatocellular carcinoma, MIF stimulates angiogenesis and tumor cell migration [23] . MIF increases cell survival and angiogenesis in colon cancer and glioblastoma [1, 20, 29] . MIF predicts survival in malignancies of the liver, lung, prostate, and colon [9, 16, 22, 23, 28] .
We first asked whether the expression of MIF predicts the development of metastasis and survival in osteosarcoma. We then asked whether MIF is associated with the tumor-progressive effect of angiogenesis and cell invasion in osteosarcoma.
Materials and Methods
Of the 135 patients with high-grade osteosarcoma treated at our institution between 1996 and 2002, we retrospectively identified 58 patients whose prechemotherapy incisional biopsy specimens were available for analysis. We reviewed the patients' medical charts to record age at diagnosis, gender, histologic subtype, and location of primary disease. There were 37 males and 21 females with an average age of 22.4 years (range, 4-81 years). The location of the tumor was the distal femur in 27 patients; proximal tibia in 11; proximal femur in five; pelvis in five; proximal humerus in three; shaft of femur in two; proximal fibula in two; and scapula, distal tibia, and distal radius in one patient each. We collected tumor specimens after obtaining the patient's informed consent in accordance with the institutional guidelines.
The treatment regimen included open biopsy followed by neoadjuvant chemotherapy and primary resection. The surgical stages of primary bone tumors according to the Musculoskeletal Tumor Society System [4] were Stage IIB in 53 patients and Stage III in five. Histologic types were osteoblastic in 38 patients, chondroblastic in seven, fibroblastic in six, mixed in five, and telangiectatic in two. All patients received neoadjuvant and adjuvant chemotherapy. We graded the effect of preoperative chemotherapy according to the criteria of Huvos [24] . Patients with Grade III and IV were considered good responders. There were 30 good responders and 28 poor responders. The operative treatments consisted of 55 limb salvage operations and three amputations. Surgical margins were wide in 49 cases, marginal in five, and intralesional in four. We defined the overall survival as the time from diagnosis to the date of either death or the last visit. The metastasis-free survival was defined as the time from diagnosis until the development of metastasis. If the patients had metastasis at diagnosis, we considered the metastasis at time 0. The minimum followup was 12 months (mean, 42 months; range, 12-110 months). The average followup of the survivors was 50 months. During the followup period, local recurrence occurred in 11 patients and distant metastasis developed in 25 patients. Sixteen of the 58 patients died of disease, 37 patients showed no evidence of disease, and five remained alive with disease at the last followup.
We used prechemotherapy incisional biopsy specimens to analyze expression of MIF by immunohistochemical analysis. Four-micrometer sections embedded in paraffin were deparaffinized using xylene at room temperature and then gradually rehydrated in alcohol solution. We performed antigen retrieval by pretreatment of the slides in citrate buffer. For quenching of endogenous peroxidase activity, the tissue slides were incubated in 3% hydrogen peroxide solution in methanol and then rinsed with phosphate-buffered saline. To suppress nonspecific antigenantibody binding, we treated tissues with a blocking solution of 10% nonimmune serum for 1 hour at 4°C. The sections were then incubated overnight at 4°C with mouse monoclonal antibody of MIF (Santa-Cruz Biotechnology, Santa-Cruz, CA) and stained by the avidin-biotin-peroxidase complex method using Vectastain ABC kit (Vector Laboratories, Burlingame, CA). The color reaction was developed for 5 minutes in 3,3-diaminobenzidine tetrahydrochloride and hydrogen peroxide in phosphate-buffered saline followed by counterstaining with Mayer's hematoxylin (Sigma, St Louis, MO). We interpreted the staining reactions with parallel-processed control slides consisting of hepatocellular carcinoma tissue previously shown to express MIF as the positive control and negative control obtained after replacing primary antibody with Tris-buffered saline [23] . The expression of MIF was evaluated by two investigators (KWN, KCM) without knowledge of the patients' clinical information. The proportion of positively stained cells among tumor cells was graded into groups of high and low expression with a cutoff value of 50%. We analyzed the degree of angiogenesis by the number of microvessels in the specimen using the method described previously [11, 26] . Of the 58 specimens used for MIF expression by immunohistochemistry, 47 specimens were immunostained with anti-CD34 antibody (Biogenex, San Ramon, CA). Eleven specimens were not available for microvessel density analysis. After scanning at 940 magnification to find the areas showing the most intense vascularization, we examined areas of greatest vessel density under 9100 magnification and counted them. Microvessel density for each specimen was expressed as the average number of vessels per 9100 field from three nonoverlapping microscopic fields [11] .
Vascular endothelial growth factor (VEGF) is the most representative and potent angiogenic factor in the progression of tumor angiogenesis [10] . To detect whether MIF contributes to the production of VEGF in osteosarcoma cells, we measured VEGF in culture supernatants of U2-OS and MG63 osteosarcoma cell lines by using enzyme-linked immunosorbent assay (hVEGF ELISA kit; R&D Systems, Minneapolis, MN). The cells were cultured at a density of 5 9 10 4 cells in 24-well plates in DMEM with 10% fetal bovine serum for 24 hours and then cultured in medium with recombinant MIF (R&D Systems) concentrations of 0, 10, 20, 40, 80, and 160 ng/mL for 24 hours. We collected the supernatants of cultured cells and centrifuged them at 300 g for 5 minutes to remove debris. The ELISA was performed following the instructions of the manufacturer.
To study the functional role of MIF in osteosarcoma, we used short interfering RNAs (siRNAs) to downregulate the expression of MIF. The siRNA sequences used to target MIF were 5 0 -ACACCAAGCUGCCCCGCGCdTdT-3 0 and 5 0 -GCGCGGGGCACGUUGGUGUdTdT-3 0 [30] . A fluorescein double-stranded RNA (BLOCK-iT Fluorescent Oligo; Invitrogen, Carlsbad, CA) was used as a control siRNA. We transfected the U2-OS and SaOS-2 cells in 100-mm culture dishes containing RPMI 1640 with 10% fetal bovine serum with the MIF siRNA or the control siRNA using Lipofectamine 2000 (Invitrogen). To assess the efficiency of MIF silencing, Western blot analysis was performed. Briefly, we subjected proteins from a total cell extract (10 lg/lane) to Tris-Glycine gel (Invitrogen) electrophoresis and transferred them to nitrocellulose membranes (Hybond; Amersham, Piscataway, NJ). The membranes were blocked with 5% nonfat dry milk and incubated with mouse anti-MIF antibody. We used anti-bactin antibody as a loading control (Sigma). These blots were then reacted with a horseradish peroxidase conjugated antimouse secondary antibody (Pierce, Rockford, IL). We visualized the immunoreactive proteins using ECL detection reagents (Supersignal West Dura, Pierce, IL). The most effective silencing of MIF was achieved at 4 lM of siRNA for a transfection time of 48 hours. Hence, this optimal scheme was used for the Boyden chamber assay.
To study the role of MIF in osteosarcoma cell invasion, we evaluated the invasive properties of osteosarcoma cells in the Boyden chamber cell invasion assay (Neuro Probe Inc, Gaithersburg, MD) [14] . U2-OS and MG-63cells (2 9 10 6 cells/well) transfected with either MIF siRNA or control siRNA were placed in the upper wells of a transwell chamber in which an 8-lm pore membrane was precoated 1% gelatin overnight. We filled the lower wells with medium containing 10% fetal bovine serum, which acted as a chemoattractant. The chamber was incubated for 4 hours at 37°C to allow cells to migrate from the upper chamber toward the lower chamber. After incubation, we removed the noninvading cells from the upper surface of the filter by scrubbing. The number of invading cells, which were stained with Diff-Quik stain solution (Dade Behring Inc, Newark, DE), were counted under a light microscope.
We determined overall survival and metastasis-free survival using the Kaplan-Meier method [12] . We determined differences in survival rate with age at diagnosis, gender, histologic subtype, location of primary disease, and response to chemotherapy with the log-rank test. Factors influencing survival rate were then analyzed in a multivariate Cox regression analysis to determine independent variables predicting survival. Mann-Whitney U test was used to compare the microvessel density between the low and high MIF expression groups. We also used Mann-Whitney U test to compare the number of cells migrated in the transwell chamber assay between the MIF siRNAtransfected cells and the control cells. We performed all statistical analysis with SPSS software (version 12.0; SPSS, Chicago, IL).
Results
Of the 58 cases examined, 21 cases (36%) showed the MIF expression of more than 50% of the tumor cells (high expression) and 37 cases (64%) showed MIF expression of less than 50% (low expression) ( Fig. 1) . A high level of MIF expression was associated with worse overall survival (p \ 0.001) and metastasis-free survival (p = 0.018) ( Table 1 ; Fig. 2 ). Poor histologic response to chemotherapy negatively influenced overall survival (p \ 0.001) and metastasis-free survival (p \ 0.001). The level of MIF expression (overall survival, p = 0.004; metastasis-free survival, p = 0.014) and the histologic response to chemotherapy (overall survival, p = 0.043; metastasis-free survival, p = 0.001) independently predicted survival ( Table 2) .
Microvessel density was higher in specimens with high MIF expression (p = 0.016) ( Fig. 3) . VEGF concentration in the supernatants of U2-OS and MG-63 cells tended (not significantly so) increase after stimulation with MIF in a dose-dependent manner in both cell lines (Fig. 4) . By Western blot the expression of MIF qualitatively appeared suppressed by MIF siRNA in a dose-dependent manner in U2-OS and SaOS-2 cell lines (Fig. 5A) . The invasive ability of U2-OS and MG-63 cells decreased (p = 0.03 and p = 0.04, respectively) in MIF siRNA transfected cells (Fig. 5B ). malignancies. We therefore asked whether the level of MIF expression could predict survival outcome in patients with osteosarcoma. We also intended to determine the role of MIF tumor progression; namely, angiogenesis and cell invasion in osteosarcoma. We note several limitations in our study. First, the survival analyses in this study were performed in a nonrandomized, retrospectively selected group of patients. Although the relatively low incidence of osteosarcoma compared with that of common carcinomas makes such a study difficult, a prospective and possibly randomized study would further clarify the prognostic role of MIF in predicting survival in osteosarcoma. Another limitation is the lack of in vivo studies with regard to identifying the role of MIF in osteosarcoma. Immortalized osteosarcoma cell lines were used in the cell experiments of this study. Osteosarcoma cells isolated from patient tissues could have reflected a more in vivo situation. Comparison of MIF expression between matched primary and metastatic tumor specimens would have made the association of MIF expression with metastasis clearer. Moreover, in vivo metastasis assays using mouse models would further verify the role of MIF in metastasis of osteosarcoma. The use of only high-grade osteosarcoma samples might have skewed the association of MIF expression and metastasis. The addition of low-grade osteosarcoma samples in the experiments would have further strengthened the association of MIF expression and metastasis. MIF, one of the earliest cytokines described, plays a major role in the control of host inflammatory and immune response. MIF is overexpressed in a large variety of human malignancies such as melanoma, breast carcinoma, colon carcinoma, glioblastoma, nonsmall cell lung carcinoma, and hepatocellular carcinoma [6, 16, 17, 23, 28, 29] . Several of these studies [6, 16, 23, 28] demonstrated MIF expression correlated with tumor aggressiveness and metastatic potential. In hepatocellular carcinoma, a high level of MIF expression correlated with worse disease-free survival [6] and MIF stimulated angiogenesis and metastasis by promoting angiogenic factors and tumor cell migration [23] . Increased expression of MIF is associated with prostate cancer metastasis [16] . MIF expression is increased and correlates with VEGF expression in glioblastoma [1] . Our findings correspond with those in previous studies on various carcinomas, suggesting an important role of MIF in osteosarcoma progression. To improve the choice of therapeutic strategy, the mechanism by which MIF promotes angiogenesis and invasion needs to be clarified. In an experiment using murine colon cancer cell lines, MIF promoted invasion and metastasis through the Rho-dependent pathway [25] . Moreover, further studies are necessary to elucidate if MIF contributes to other steps of the multistep tumorigenic process.
Discussion

MIF predicts survival in some tumors and contributes to multiple aspects of tumor progression in several types of
Few factors seem to predict survival from osteosarcoma [3, 5, 15] . The most commonly cited is the degree of histologic response to preoperative chemotherapy [2, 7, 15] . However, poor responders to chemotherapy cannot be determined until surgery, which takes 2 to 3 months. Our experience suggests development of metastasis is not uncommon even among good responders. Intensifying chemotherapy increases in histologic response but not survival [13] . Our data from prechemotherapy biopsy specimens suggests MIF, along with histologic response to chemotherapy, independently predicts survival.
Our data suggest increased MIF expression predicts increased risk of metastasis and MIF correlates with angiogenesis and cell invasion in osteosarcoma. MIF could therefore be explored as a prognostic marker for osteosarcoma and may serve as a potential therapeutic target.
